Dense CaRuO 3 body was synthesized by spark plasma sintering (SPS) using CaCO 3 and RuO 2 powders. The second phases of CaO and RuO 2 were identified at the Ru to Ca molar ratio in the source powder (R Ru/Ca ) of 0.5 to 0.8 and at R Ru/Ca ¼ 1:1 to 1.4, respectively. A nonstoichiometric solid solution range of bulk CaRuO 3 body was first found in the R Ru/Ca range between 0.7 and 1.0. The density increased with increasing R Ru/Ca and the highest density was 97% at R Ru/Ca ¼ 1:4. The electrical conductivity () decreased with increasing temperature, showing a metallic conduction behavior. The increased from 1 Â 10 5 to 5 Â 10 5 Sm À1 with increasing R Ru/Ca at room temperature (RT). The Seebeck coefficient (S) was around 25 to 35 VK À1 from RT to 1023 K independent of composition, exhibiting a p-type conduction. The thermal conductivity () slightly increased with increasing temperature and showed the lowest value at R Ru/Ca ¼ 1:0. The dimensionless figure of merit (ZT) had the maximum at R Ru/Ca ¼ 1:1, and the highest ZT value was 0.034 at 1020 K.
Introduction
Perovskite-type alkaline-earth metal ruthenium oxides, SrRuO 3 (SRO) and CaRuO 3 (CRO), have been known as excellent electrical conductors. These materials have been applied as buffer layers in a superconductor-normal metalssuperconductor (SNS) Josephson junction 1) and as electrical conducting pastes.
2) ARuO 3 (A = Ca and Sr) compounds show metallic electrical conductivity, [1] [2] [3] associating with delectrons from the three-dimensional network corner-sharing RuO 6 octahedra. SRO can be ferromagnetic below 165 K whereas CRO has not been confirmed to be either para-or ferro-magnetic material.
3) The electrical conductivity of CRO 4, 5) and SRO [4] [5] [6] single crystals were around 4 Â 10 5 Sm À1 and 5 Â 10 5 Sm À1 at room temperature, respectively. The magnetic and electrical properties of SRO and CRO may be related to their crystal structures, which are orthorhombically distorted GdFeO 3 type with Pnma and Pbnm space group, respectively. 7) CRO has much more distorted structure than SRO, 7, 8) and therefore some characteristic properties of CRO may be expected.
Since ARuO 3 is a good electrical conductor with specific crystallographic characteristics, they might be potential thermoelectric materials. Recently, Tsuchida et al. 9) reported that the thermoelectric power factor of CRO increased with increasing temperature showing the highest value among perovskite-structure oxides (330 Â 10 À6 Wm À1 K À2 at 1023 K). Several researchers have investigated the electrical property of CRO thin films prepared by sol-gel, 10) sputtering 11) and pulsed laser ablation. 12) Scotti di Uccio et al. 11) proposed that CRO films prepared by sputtering would contain excess Ca resulting in the increase in unit cell volume. The excess Ca might have also resulted in the decrease in electrical conductivity. However, the measurement of electrical properties and crystallographic analysis of dense bulk materials would be more reliable than those of thin films. Therefore, dense CRO bulk body should be investigated to understand the intrinsic nature of CRO. The thermoelectric property of CRO body has not been studied in detail because dense CRO sintered body cannot be obtained by conventional sintering mainly due to the evaporation of RuO 3 .
13) It is known that spark plasma sintering (SPS) can be available to obtain dense bodies by using non-sinterable powder in conventional sintering process. In the present study, dense CRO body was prepared by spark plasma sintering (SPS), and the effect of Ru/Ca ratio on the crystal structure, electrical properties and thermoelectric properties was investigated.
Experimental
CaRuO 3 powder was synthesized by solid state reaction using CaCO 3 (99.99%) and RuO 2 (99.99%) in the molar ratio of Ru to Ca (R Ru/Ca ) between 0.5 and 1.4. The powder mixtures were calcined at 1273 K for 43.2 ks in air. The calcined powder was compacted in a graphite die and sintered by SPS at 1523 K for 0.3 ks in a vacuum at 80 MPa. The sintered body was cut to 2 Â 2 Â 10 mm for measuring electrical conductivity by a d.c. 4-probe method and Seebeck coefficient by a thermoelectric power (ÁE)-temperature difference (ÁT) method. Specimens of 10 mm in diameter and 1 mm in thickness were employed to measure thermal conductivity by a laser flash method (ULVAC TC-7000). All electrical and thermal measurements were conducted from room temperature (RT) to 1023 K. The phase and crystal structure were examined by X-ray diffraction (Rigaku Geigerflex). The density (d) was determined by an Archimedes method. were not identified in the present study. These phases would have formed at a higher sintering temperature. 14) Figure 2 shows the relationship between the relative density and R Ru/Ca . The density at R Ru/Ca ¼ 0:5 to 1.0 ranged between 80 and 85%, and slightly increased with increasing R Ru/Ca . At R Ru/Ca > 1:0 the density significantly increased with increasing R Ru/Ca . The second phase of RuO 2 might cause the increase in density. Figure 3 demonstrates the effect of R Ru/Ca on the lattice parameters and unit cell volume. The length of a axis was independent of R Ru/Ca , and was almost constant value of 0.5535 nm. The lengths of b and c axes decreased from 0.7672 to 0.7663 nm and from 0.5364 to 0.5356 nm with increasing R Ru/Ca from 0.7 to 1.0, respectively. The lattice parameters were constant with further increasing R Ru/Ca . The unit cell volume also changed with R Ru/Ca , suggesting a solid solution range between R Ru/Ca ¼ 0:7 and 1.0. The unit cell volume at R Ru/Ca ¼ 0:5 was 0.26% greater than that at the stoichiometric composition. The trend of increase in the unit cell volume with increasing Ca content was similar to that of thin film reported by Scotti di Uccio. 11) However, the unit cell volume change of thin film was around 8% at R Ru/Ca ¼ 0:5. The lattice parameters of bulk materials can be intrinsic behavior whereas thin films may be significantly stressed mainly from the thermal expansion mismatch between film and substrate. The chemical composition of bulk materials would be more precise than that of thin films because of large volume. Therefore, the trend of lattice parameter change as the function of R Ru/Ca would be more reliable than that of thin films. Figure 4 shows the temperature dependence of electrical conductivity () of Ca-Ru-O compounds at various R Ru/Ca . The electrical conductivity decreased with increasing temperature, implying metallic conduction. The slightly decreased with increasing temperature at R Ru/Ca < 1:0, whereas the decrease in was significant at R Ru/Ca > 1:1. The of stoichiometric CRO was 1:8 Â 10
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5 Sm À1 at 293 K. The of stoichiometric SRO was higher than that of stoichiometric CRO but lower than CRO at R Ru/Ca > 1:1. The increased with increasing R Ru/Ca . At R Ru/Ca > 1:1, the was much higher than that at R Ru/Ca < 1:0. This might be caused by the second phase of RuO 2 because of its high conductivity (1:4 Â 10 6 Sm À1 at 293 K). Raming et al. 15) reported that YSZ (Y 2 O 3 -stabilized ZrO 2 )-RuO 2 composite had high electrical conductivity due to agglomerated RuO 2 . However, the second phase of CaO in CRO at R Ru/Ca < 1:0 may result in the decrease in because CaO is an insulating material (<10 À8 Sm À1 at 293 K). 16) The change of unit cell volume of CRO at R Ru/Ca ¼ 0:5 to 0.9 might be also associated with the decrease in . Figure 5 exhibits the relationship between the unit cell volume (V) and electrical conductivity at room temperature in the Ca-rich region (R Ru/Ca ¼ 0:5 to 0.9). The ratio of the unit cell volume in the Ca-rich region (V) to that at R Ru/Ca ¼ 1:0 (V 0 ) increased with decreasing R Ru/Ca from 1.0 to 0.7 ( Fig. 5(a) ). The log linearly decreased with increasing V/ V 0 (Fig. 5(b) ). This trend was consistent with that reported in the CRO thin film by Scotti di Uccio et al. 11) However, the change of in the present bulk CRO body was more significant than that of CRO thin film. Since the electrical conduction of CRO may be closely related with the connection of RuO 6 octahedra, the increase in unit cell volume could cause the less electrical conductivity. Figure 6 represents temperature dependence of Seebeck coefficient (S) of CRO at various R Ru/Ca . The value of SRO was included as comparison. All specimens showed positive Seebeck coefficient, implying a p-type conduction. The S of CRO was 25 to 35 VK À1 , almost independent of R Ru/Ca and temperature from RT to 1020 K. The CRO at R Ru/Ca ¼ 1:0 had the highest S in the whole temperature range. The S of SRO was around 30 to 40 VK À1 , 17) which was slightly higher than that of CRO. Figure 7 shows the temperature dependence of power factor (P = S 2 ) of CRO and SRO. The P of CRO at the stoichiometric composition decreased from 165 to 110 Â 10 À6 Wm À1 K À2 with increasing temperature from RT to 1020 K. This value was lower than that of SRO. The P of CRO at R Ru/Ca ¼ 1:1 was almost the same as that of SRO. The P of CRO and SRO both similarly decreased with increasing temperature. On the other hand, the P of CRO reported by Tsuchida et al. 9) increased with increasing temperature. This trend might not be the intrinsic nature of CRO because the of ARuO 3 would generally decrease with increasing temperature and the S would be independence of temperature. Since CRO cannot be fully densified by conventional sintering, some grain boundary effects might have affected to the unusual trend. Figure 8 shows temperature dependence of thermal conductivity () of CRO with various R Ru/Ca and SRO.
17) The of CRO increased slightly with increasing temperature. The lowest ranged around 3.5 to 4.0 Wm À1 K À1 at the R Ru/Ca ¼ 1:0 from 293 to 1020 K. The decreased from 5.3 to 3.5 Wm À1 K À1 with increasing R Ru/Ca from 0.5 to 1.0, and increased from 6.6 to 8.0 Wm À1 K À1 with further increasing R Ru/Ca at RT. This might be resulted from the effect of second phase of RuO 2 and CaO because their thermal conductivities would be several times greater than that of CRO as shown in Table 1 . The of SRO slightly increased with increasing temperature around 6 to 8 Wm À1 K À1 from RT to 1200 K. These values were less than that of CRO at R Ru/Ca > 1:2 whereas higher than that of R Ru/Ca < 1:1. Table 1 summarizes the lattice parameters and thermoelectric properties of CRO and SRO prepared by different methods. A tolerance factor (t) is defined to evaluate the geometric distortion of crystal structure. The t of crystal structure without distortion is 1. The t of CaRuO 3 is 0.88 and that of SrRuO 3 is 0.95. Kobayashi et al. 8) reported that the electrical conductivity decreased with decreasing the t. The lattice parameters of CRO prepared by SPS were slightly higher than that of single crystal. Furthermore, with decreasing R Ru/Ca from 1.0 to 0.7 the lattice parameters of CRO increased and the decreased. The increase in lattice parameter might result in the increase in the distortion degree (t). The crystal structures of Bi 2-x Ln x Ru 2 O 7 and Pb 2-x Ln x Ru 2 O 7-d (Ln = Y, Pr-Lu) pyrochlores are known to be similar to the GdFeO 3 -type perovskite structure having a framework of corner-sharing RuO 6 octahedra. Kanno et al. 18) reported that the of the pyrochlores decreased with increasing x, suggesting the increase in the distortion of the RuO 2 octahedra and the increase in the length of the Ru-O bonds and RuO 6 zigzag chains. Therefore, the decrease in the of CRO at R Ru/Ca < 1:0 may be associated with the distortion of crystal structure and the increase in the Ru-O bond length and the RuO 6 zigzag chains. So far, no reports on the Seebeck coefficient and thermal conductivity of CRO have been published. The S and of CRO were slightly smaller than these of SRO. However, the was almost a half of SRO, resulting in the higher thermoelectric figure of merit than that of SRO. Figure 9 shows the temperature dependence of dimensionless thermoelectric figure of merit (ZT) calculated from eq. (1).
The ZT values of CRO at R Ru/Ca ¼ 1:0 and 1.1 slightly increased with increasing temperature, and were greater than 17) from 600 to 1020 K. The CRO had higher ZT than SRO because of the lower thermal conductivity. The ZT value at 1020 K increased with increasing R Ru/Ca up to 1.1 and showed maximum value of 0.034, and then decreased to 0.023 with increasing R Ru/Ca to 1.4 ( Fig. 9(a) ). The CRO at R Ru/Ca ¼ 1:1 had the highest ZT in the whole temperature range (Fig. 9(b) ).
Conclusion
Ca-Ru-O compounds in various molar ratios of Ca to Ru (R Ru/Ca ) from 0.5 to 1.4 were prepared by SPS. CaRuO 3 (CRO) in a single phase was obtained at R Ru/Ca ¼ 1:0, whereas second phases of CaO and RuO 2 were identified at R Ru/Ca < 0:8 and R Ru/Ca > 1:1, respectively. The relative density was higher than 80% and increased with increasing R Ru/Ca . The lattice parameters of CRO changed continuously at R Ru/Ca ¼ 0:7 to 1.0, implying a non-stoichiometric range of CRO. The electrical conductivity exhibited metallic conduction and increased with increasing R Ru/Ca . The Seebeck coefficient was almost independent of temperature and R Ru/Ca with the values of around 25 to 35 VK À1 indicating a p-type conduction. The thermal conductivity () slightly increased with increasing temperature. At R Ru/Ca ¼ 1:0, the was the lowest around 3.5 to 4.0 Wm À1 K À1 . The highest dimensionless figure of merit (ZT) was 0.034 at 1020 K at R Ru/Ca ¼ 1:1.
